The low Reynolds number dynamics of a thin layer of fluid bounded below by a flat horizontal boundary and above by a fluid of another viscosity and greater density is reported. Three distinct stages of growth were observed. The first stage is a Rayleigh-Taylor instability, in which disturbances of one specific wave number grow most rapidly. If e is the ratio of the viscosity of the thick layer to the viscosity of the thin layer, fastest growth is for wave number e-•/3. In the second stage, distortion of the interface is large, and it is found experimentally that the fluid moves out of the thick layer as circular columns surrounded by relatively broad regions of descending material. In the third stage, fully matured structures are formed. If the upwelling material has less viscosity than the surrounding material, the structure develops a rim syncline and a pronounced overhang and eventually ascends as a spherical pocket of fluid fed by a conduit. Two applications to geophysics are given: The first application follows from the fact that a melt source must exist in the mantle below mid-ocean ridges. This source can be approximated as a cylindrical body with lower viscosity and density compared to the overlying mantle. If the cylinder develops a gravitational instability, it will develop regularly spaced vertical protrusions. Estimates of the spacing are compared to high-resolution segmentation data, and some constraints on viscosity of the mantle below spreading centers are made. These are that viscosity of the mantle is 10 •8e• P, and the ratio of this viscosity to the viscosity of the cylinder is less than 100. In the second application, the upwelling conduits are measured experimentally and solitary waves are observed. A recently found analog with magma rising up through the pores of a viscous crystalline matrix is discussed.
INTRODUCTION
Volcanic systems are probably the largest chemically differentiating systems in the upper mantle. In addition to large and important chemical changes, they possess large-scale differential flow which results in displacements between melt and residue of the order of tens to hundreds of kilometers.
There has been much recent progress concerning the dynamics of these differentiating flows. The microscale initiation of melt and the leaching of the melt through a porous grain boundary matrix have recently been studied as a problem in compaction by Sleep [1974] [1984] . The general result depends on the observation that the network of melt is interconnected even when the proportion of melt is a few percent or less [Waft and Bulau, 1979; Waft, 1980; Cooper and Kohlstedt, 1984] . This implies that the process of compaction may dominate the early differentiation of melt from the mantle. Compaction is the viscous differentiation and buoyant sinking of the crystalline matrix in which the melt is embedded. Since the melt is lower in density than the crystals, it is buoyantly squeezed upward. Whether melt rises by compaction or rises by some other method, we know little of the aggregation of the melt and the ponding of the melt in reservoirs. One possibility is that magma concentrates in solitary waves which have been found both analytically and numerically by Scott and Stevenson [this issue] and in a laboratory analog [Scott et al., 1986] . However, these waves are only set up in a transient problem and go away over long time scales for a steady problem. Other possibilities are that a variation of resistance to flow with depth will lead to a region of high-melt concentration compared to the overlying mantle. This may occur from a change Copyright 1986 by the American Geophysical Union.
Paper number 5B5563. 0148-0227/86/005B-5563505.00 of the physical properties of either the crystals or the melt with depth through chemical or physical alteration. In any case, some important process surely concentrates magma at spreading centers, at island arcs, at numerous hot spots, and at isolated seamounts. Once that happens, a central feature of these systems is the huge change from a mantle viscosity of 10 2øe3 P to magma viscosities of 101 to 108 P.
The class of archetypical problems summarized here involves fluid flows where there is a large viscosity variation. They are problems in the gravitational stability of viscous fluids with large viscosity variations. They have been studied by laboratory experiments augmented by theoretical considerations.
The experiments described are relatively easy and inexpensive to do. Readers may want to reconstruct some of these for their own benefit or for that of students or colleagues. There is no substitute for seeing the real thing, neither photos, movies, nor data serve the same purpose.
OBSERVATION OF A GRAVITATIONALLY UNSTABLE LAYER
The first problem was stimulated by a lecture on salt domes. After the lecture, at the request of W. Chapple and D. Griggs, two immiscible viscous fluids were put into a cylindrical glass container. The denser fluid was less viscous and filled most of the jar. The lighter fluid lay overhead and was greater in viscosity. A plate of glass was then slid over the top.
The next morning the tank was inverted and a gravitational instability was observed. The lighter silicone oil floated up as a number of narrow columns. These exploratory experiments were not sealed, so the thin layer leaked and lost fluid. In order to make the experiments reproducible, two rectangular tanks were fabricated. Observations are reported by Whitehead and Luther [1975] . The first container was almost completely filled with glycerin with a kinematic viscosity of 14 cm2/s and a density of 1.25 g/cm 2, to which a small amount of immiscible silicone oil with a viscosity of 600 cm2/s and a density of 0.92 g/cm 3 was added. This formed a 5-mm-thick layer of very viscous fluid on top of the glycerin. The container was then carefully covered, left overnight, and next day was inverted. In about 30 s the layer of viscous oil (which was on the bottom of the tank) was observed to develop protrusions that buoyantly pushed upward through the glycerin as long, buoyancy-driven columns. These are shown in the series of photographs in Figure 1 . It was found that if the container was left carefully leveled for a number of days so that the oil interface was very flat before inversion, the columns that developed were spaced quite uniformly throughout the tank and were very nearly equal in size, volume, and growth rate. The wave number of the columns, defined as 2nH/L, where L is the distance between columns and H is the depth of the thin layer, was 2.5.
The same experiment was performed in another container filled with the same fluids with opposite proportions. Thus the only difference with the preceding experiment was that the thickness of the layers was reversed. After the container was carefully leveled and left for a couple of days, a number of protrusions developed shortly after inversion. These protrusions also arranged themselves quite uniformly throughout the tank, but the wave number in this case was much less, 0.63. Hence the wavelength was much greater than before. The finite amplitude behavior of these protrusions was dramatically different from that of the previous case. The protrusions formed large spherical pockets of fluid that gradually developed a pronounced overhang to the point where the neck of fluid feeding these pockets almost pinched off and left a tiny pipe of fluid trailing the main pocket of fluid. The main pocket descended through the viscous fluid as almost perfect spheres. This sequence is shown in Figure 2 . The pictures are inverted for clarity.
The unstable flows proceeded through three distinct physical flow stages, which will be described in the next two sections. Initially, the surface was nearly flat and small distortions to the interface grew by a "Rayleigh-Taylor" instability. This is an instability in which perturbations to a fluid with a density inversion in a field of gravity grow by creating a pressure field in phase with the velocity perturbations so that the velocity is amplified. During this stage the assumption of an almost flat surface allows the governing equations to be linearized. The wavelength of maximum growth rate and the exponential time constant of growth have been theoretically and numerically predicted for a number of geometries and boundary conditions [Rayleigh, 1900; Dobrin, 1941; Chandrasekhar, 1955 , 1961 ' Hide, 1955 Ramberg [1963 Ramberg [ , 1967b Ramberg [ , 1970 . There was no intercomparison between the laboratory experiments and theory due to the unknown rheology of the laboratory materials.
The limit in which one layer is thin and the other much thicker is particularly relevant to the geophysical context here and will be reviewed in section 3. Various theoretical predictions are compared with observations of laboratory experi- Equations (6a) and (7a) both have k m • e-1/3. Possibly this is a common scaling when e is very large. If so, this scaling implies that when the viscosity of the thin layer is very low compared to the viscosity of the overlying fluid, the spacing of diapiric intrusions will be significantly greater than the thickness of the original layer. This fact may be of widespread application in magma formation problems, since a layer of magma or magma-source material should be many orders of magnitude lower in viscosity than the overlying material.
There may be a simple reason for the e-1/3 scaling. Possibly, it is more efficient for the low-viscosity fluid to flow large lateral distances up a gradual slope and to accumulate in massive diapirs. These have more buoyancy force with which to intrude up into the stiff overlying material than diapirs formed by shorter-wavelength instabilities. However, the e-1/3 is probably not universal. There is experimental evidence (R. Kerr, private communication, 1985) that the e -1/3 scaling is not found for one geometry.
Recent Applications of Rayleigh-Taylor Instability to Magma

Genesis
The linearized Rayleigh-Taylor instability, when the thin layer is low in viscosity, provides a plausible mechanism for a horizontal layer of melt to form into a line of magma chambers. This idea in the context of island arc volcanism was originated by Marsh [1973] and followed up by Marsh and Carmichael [1974] . It was applied in detail by March [1979] , who studied the instability of a ribbonlike or cylindrical body (with its axis horizontal) of low-viscosity material. The ribbonlike region was produced in the laboratory by allowing black oil or glycerin to rise from a slit in the bottom of a container of glycerin. It was convincingly suggested that this diapir geneis occurs under island arcs and is the mechanism that leads to the formation of the magma chambers for the island arc volcanoes. Noting the regular spacing of magmatic centers across Iceland, Siggurdsson and Sparks [1978] suggest that a similar instability exists at the base of the lithosphere in Some simple experiments show this. A water-glycerin mixture was quickly injected into glycerin along a horizontal line. Although this line will gradually rise because the waterglycerin mixture is less dense than the pure glycerin, an instability developed as shown in Figure 5 and led to semispherical pockets. It is reasonable to expect that a linear region of partially molten mantle in the earth will behave in a similar manner and will lead to fairly regularly spaced protrusions 
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where U is the two-dimensional volumetric production rate of the low viscosity and density region. To derive this, the theoretical assumption as first put forward by Howard [1966] was used. It is that the boundary layer grows until the growth time is less than the time which has elapsed since the growing began. If U is proportional to %, which is consistent with the fact that oceanic crust thickness is independent of spreading rate, equation (11) has the same power law for U as (9) does for %. Thus if (9) is equated to (11), constraints on physical properties (density difference and viscosity) of the region below spreading centers will be generated, subject to the assumption that the mechanism of the model is correct. These the fluid of greater viscosity. As shown in Figure 2 , the jet pushes outward into this viscous material, and its nose is subjected to a gradually increasing normal stress that ultimately provides most of the drag equal and opposite to the buoyancy force. By the time the jet has made an order one indentation into the viscous fluid, most of the material from the layer has filled a rather large cavity with a circular horizontal cross section. As the pocket of fluid begins to rise, a pronounced rim syncline is produced around the cavity and it necks off. In The properties of individual structures can be observed by steadily injecting fluid from a local source. First, the case where the upwelling fluid is much more viscous than the fluid being penetrated with be reviewed (Figure 1 ). This may be the case for rhyolitic intrusions into more basaltic melts. The force balance is between forces due to pressures generated by density differences and forces due to viscous deformation in the upwelling fluid.
The matured jet is an upside down version of a viscous fluid being poured from a spout, like syrup being poured from a pitcher. A steady viscous jet is shown in Figure 6 in which silicone oil, with a viscosity of 60,000 cSt, drops through silicone oil with a viscosity of 10 cSt. The similarity between the structures in Figures 1 and 6 There is little tendency for a very viscous dome to develop a plumelike structure with rim synclines that neck off. The nose of the dome can experience a small amount of local widening, which is produced as the dome pushes its way upward through the lower-viscosity material. In the experiments this dome has been seen to be approximately twice as wide as the viscous pipe that follows it.
When the upwelling fluid is much less viscous than the fluid being penetrated, the structure evolves along a very different sequence. As before, significant impediment is associated with 
Note that our subscript convention is the reverse of Marsh's.
If a source feeds fluid at a constant rate Q and if originally the sphere is small enough that da/dt • v, it will continue to stay near the source and grow at the rate da/dt = Q/4•a 2
The sphere can be expected to rise away from the source after v has become equal to da/dt. The radius a• at this time can be determined by equating (14) and ( [Whitehead, 1982] . In both cases, the conduit was gradually [1986] . An immediate conclusion one forms if one pulses the mass flux, so that the flux increases and then decreases, is that solitary waves can form. Figure 10 shows two solitary waves that were produced in this way in a tank of corn syrup. In the case of the first solitary wave, we increased the source strength for 5 s. In the case of the second solitary wave which was larger than the first, the source was increased much more strongly for five seconds. The larger wave traveled faster than the smaller one and caught up with it. Then there was a collision between the two waves, at which time there was fluid exchanged from the larger to the smaller one. Subsequently, the larger one which was now on the top broke away from the smaller one. Since the waves approximately preserved their amplitude after collision, they collide like solitons.
It is also possible to make a group of waves that disperse. Figure 11 shows such a packet, which was generated by uniformly raising the source vessel at approximately 5 cm/s from an initial height equal to the free surface of the syrup to a final height 1 m above the free surface of the syrup. After this the flow was stopped. The leading solitary wave was initially a slight amount larger than the ones trailing it, but as time progressed, the leading wave grew even larger, probably be-cause the conduit through which it traveled was very tiny, whereas the pinch between the lead wave and the second one 
